Abstract. The effect of high densities of dislocations on the formation behavior of nanoscale clusters (nanoclusters), which are formed during natural aging at room temperature and the pre-aging at ~373 K in a 6000 series aluminum alloy, was investigated by atom probe tomography. Cold rolling was applied to modify the formation behavior and/or the characteristics of the two types of nanoclusters and also the precipitation sequence, which involve a strengthening phase (β˝) to improve the bake-hardening (BH) response for auto body panels. Cold rolling to a 5% deformation accelerates the preferential formation of nanocluster at 373K along dislocations in addition to homogeneous nucleation in the crystal grains. Atom probe tomography demonstrate the heterogeneous formation of nanocluster during pre-aging at 373K. The β˝ phase shows the high growth rate at the same level of the as-quenched specimen in the cold rolled alloy on the aging curve at 443K. Cold rolling before pre-aging is an effective process to improve the BH response of the alloys.
Introduction
Aluminum-based alloys, especially 6000 series aluminum alloys, have been widely used as structural components in the automobile and aerospace industries because of their desirable attributes, such as high strength-to-mass ratio, easy formability, high corrosion resistance. The properties of this type of material could be further improved by precipitation hardening with heat treatment, in which Mg and Si are the major solutes which increase the strength of the alloy. The interesting characteristics of this series of aluminum alloy is the precipitation-hardening response at the temperature (443 K) which used to harden the paint; i.e., bake-hardening (BH). Therefore, 6000 series aluminum alloys have been utilized as a light-weight material for the body panels of automobiles due to their good BH response. However, it has been recognized that precipitation of the strengthening β˝ phase is strongly affected by the heat-treatment history prior to the BH treatment [1] . Storage at room temperature (RT) before the BH treatment results in a low density of the β˝ phase, whereas pre-aging before RT storage can effectively eliminate the adverse effect of natural aging on the subsequent precipitate microstructures [2] . Pre-aging at ~373 K for times less than 30 min before RT storage has been applied in the manufacturing process in order to improve the BH response. The early stages of decomposition have been studied during not only natural aging but additional aging treatments including pre-aging before the BH treatment for understanding their influence on the BH treatment.
Atom probe tomography (APT) is the powerful tool to characterize atomic-scale and nanometer-scale features in the alloy. APT was applied to the alloys in both the naturally aged and pre-aged conditions demonstrated that both types of pre-precipitates have a wide range of compositions [3] . These two types of pre-precipitates were called nanoclusters, cluster(1) and cluster(2), because they were not considered to have the properties of a GP zone. Cluster(1) was the name given to the pre-precipitate formed at RT and cluster (2) for the one formed during the pre-ageing at 373 K. The presence of two types of nanoclusters has also been confirmed as two exothermic peaks by thermal analysis using differential scanning calorimetry (DSC) [4] . The DSC results also demonstrated that the two types of nanoclusters possess different thermal stabilities in that cluster(1) is stable at the BH temperature, whereas cluster(2) easily transforms into the β˝ phase.
The formation of cluster(2) should be focused for the modifying the BH response. The BH response was improved by pre-aging at the same level as direct aging at the BH temperature [5] . However, pre-aging has to be applied immediately after quenching, which is impractical especially for the manufacturing process. Another technique for improving the BH response by controlling the formation of nanoclusters must be developed including thermo-mechanical technique as well as heat treatment technique [6] or mechanical technique [7] . Thus, nanocluster formation under the induced dislocation by cold working was investigated by means of direct observation of nanoclusters using APT. In this study, the effect of cold rolling in addition to the pre-aging process on the formation and the distribution of nanoclusters was focused in order to clarify the nanocluster-assisted precipitation-hardening mechanism visually for the heat treatment-working process in 6000 series aluminum alloys.
Experimental
An Al-0.95Mg-0.81Si (mass%) alloy was fabricated from high-purity material ingots. Cold rolling (CR) was used to induce dislocations into the 1-mm-thick plate-shaped specimen. The rolling ratio was determined by measuring the reduction of the sheet thickness and set to 5%. Cold-rolled specimens were solution treated at 833 K for 1.8 ks in a salt bath, quenched into iced-water and held for 60 s. The solution-treated specimens were subjected to the combination of heat treatments and/or processing, including the natural aging (NA) at RT, pre-aging (PA) at 373 K and a BH treatment at 443 K in an oil bath. As a final procedure, NA and the subsequent BH treatment were performed to reproduce the conventional automotive manufacturing process.
The hardness changes were measured by Vickers microhardness testing. The hardness values were reported as the average of five out of seven hardness data points by cutting off the maximum and the minimum values. The TEM observation was performed with an accelerating voltage of 300 kV. APT analyses were performed in voltage mode in ultra-high vacuum of <10 -8 Pa with a specimen temperature of 30 K. The data were interrogated with the maximum separation envelope method [8] to select and quantify nanoclusters. The maximum separation erosion method was applied for cluster identification and to evaluate the composition of clusters to include the matrix atoms. The parameters used were a maximum separation distance of 0.6 nm, an erosion distance of 0.6 nm, and a minimum cluster size of 10 atoms. Isoconcentration surface was also constructed for defining clusters.
Results and Discussion

Effect of Cold Rolling on the Aging and Thermal Behavior
The age-hardenability was evaluated from the increment of microhardness change during the isothermal aging at 443 K, as shown in Figure 1 . The standard deviation of data points were between 0.8 and 3.1. The maximum hardness was obtained for the direct aged specimen. The material directly aged at 443 K from the as-quenched state also possessed the largest age-hardenability during the BH treatment because it has the highest density of excess vacancies and then the solid solution is the supersaturated state. The age-hardenability of the pre-aged specimen is much lower and the age-hardening rate is slower. In contrast, when the specimen was cold rolled before pre-aging (CR-PA-NA), the time to attain peak hardness decreased. The cold rolling process always resulted in an earlier onset of peak hardness, regardless of the order of the cold rolling in the processing sequence. The increment of maximum microhardness for the cold rolled and pre-aged specimen (CR-PA-NA) reached the same level as that for the pre-aged specimen.
In order to investigate the effect of cold rolling on the precipitation behavior of the β˝ phase followed by the formation of nanoclusters, microstructures of PA-NA and CR-PA-NA specimens were shown in Figure 2 . TEM images with diffraction patterns for the specimen were subjected to an artificial aging at 443 K for 7.2 ks after the pre-aging and natural aging (Figure 2(a) ) and after cold-rolling followed by the pre-aging and natural aging (Figure 2(b) ). The streaks of the β˝ phase were observed in both diffraction patterns, which indicate the presence of the β˝ phase in two specimens. The β˝ precipitates in the cold rolled specimen were much larger than that in the pre-aging specimen. The distribution of the β˝ precipitates was uniform in the pre-aging specimen, while that in the cold rolled specimen was coarse and was not uniform. The β˝ precipitates tended to aligned linearly as shown in Figure 2(b) . 
APT Characterization of Nanoclusters in Cold Rolled Specimen
The effects of high dislocation densities on the formation and the distribution of nanoclusters were investigated by APT. Although only cluster(2) had a positive effect on the BH response, cluster(2) formed during pre-aging at 373 K for 3.6 ks were detected by the envelope method in this study. Three groups of cluster(2) are observed along lines in the atom map shown in Figure 3 . The linear distribution suggests heterogeneous formation on dislocations. It was also found that all clusters contained matrix (i.e., Al) atoms. This characterization for the cold rolled specimen was the same as the pre-aged condition. Another technique tor detecting the nanoclusters and/or precipitates is to create the three dimensional isoconcentration map on the basis of solute concentration in atom maps. Isoconcentration surfaces can show the solute rich region such as a precursor strengthening phase at early ageing, most of which were connected to dislocations in a Al-Cu-Li alloy [9] . The composition and site occupancy of Mg within ordered precipitates in a Al-Mg-Li alloy have been characterized by creating isoconcentration surfaces [10] . Nanoclusters were successfully defined by creating isoconcentration surfaces as reported in several alloys [11] . In this study, isoconcentration surface created with isoconcentration values of 7.0 at.%(Mg+Si) for the pre-aged alloy at 337 K for 3.6 ks, as shown in Figure 4 . Each dashed line (i.e. DL1, DL2 and DL3) indicates an assumed individual dislocation line. Isoconcentration surface demonstrated the region of enriched solute atoms, including Mg and Si atoms, in the vicinity of the assumed dislocation lines. This indicated the formation of cluster (2), resulting in the preferential formation of cluster (2) The composition of cluster(2) was estimated to investigate the influence of the induced dislocations on the characteristics of cluster (2) . Schematic illustration for the composition estimates technique are shown in Figure 5 . For precipitates where the number of atoms in the surface layer is larger than those in the interior, the estimates of cluster composition methods depend on how the cluster-matrix interface is defined and specifically how the arrowed matrix atoms are apportioned. As the voxel or grid size is reduced in the envelope method, the matrix solute atoms on the surface are aggressively removed and the estimated composition of the clusters is higher than that input in the simulations. In this study, the maximum separation erosion method was applied for cluster identification and to evaluate the composition of clusters to include the matrix atoms accurately. The average Mg/Si ratio of cluster(2) in the cold rolled and then pre-aged specimen was similar to the value for the specimen pre-aged for the same time. The numbers of nanoclusters used for these estimates of average Mg/Si ratio were up to 300. From the composition of the nanoclusters, the same type of nanocluster is assumed to be formed during pre-aging even after cold rolling. 
Formation Behavior of Nanoclusters under the Pre-strain
APT characterization of cluster (2) under high density of dislocation in a strain-induced alloy demonstrated the directionally-aligned nanoclusters, suggesting the heterogeneous formation of cluster(2) along dislocations. The relationship between a dislocation and nanoclusters and/or precipitates has been investigated because of its importance for the origin of mechanical properties of the material. Interaction of a dislocation with precipitates in a Ti-Cr alloy [12] was modeled to account for the strength of precipitates as obstacles to dislocation motion. Later, the visualization of nanoclusters and/or precipitates has been conducted in two or three dimensions. Solute segregation to dislocations was initially performed by atom probe field ion microscopy, e.g. Jayaram et al. [13] . Thus, the formation of cluster(2) was found to be heterogeneous and preferentially on dislocations. Dislocations accommodate solute atoms more readily as a result of their higher surface energy [14] . Solute atoms are well known to act as pinning sites for dislocations. In some cases, nanoclusters also effectively act as pinning sites without being cut by dislocations [15] . Nanoclusters can be easily formed on dislocations using solute atoms which were dragged by dislocations and subsequently trapped. Due to the superior interaction of dislocations for cluster(2) than cluster(1) [15] , cluster(2) was stable and aligned on dislocation lines, as demonstrated in Figs. 3 and 4 , and then transformed into the β˝ phase at the elevated temperature during BH treatment.
The clustering of solute atoms in solid solution at the early stage of phase decomposition is significantly influenced by the vacancy concentration. As dislocations are sinks for excess vacancies, the density of vacancies in the alloy decreases as dislocations are created during cold rolling. The number density of cluster(2) in the cold rolled material was 4.7×10 23 m -3 , as shown in Figure 6 . The number density of the β˝ phase was 4.4×10 23 m −3 [3] , which may include the nanoclusters. Although the cold rolling does not significantly change the characteristics of cluster(2) on the basis of Mg/Si ratio, the number density of cluster (2) was decreased by the cold rolling. However, the number density of cluster(2) in CR-PA-NA process was slightly higher than that of the β˝ precipitate, resulting in sufficient numbers as nucleation sites for the β˝ phase. The mechanism of the improvement of the BH response in the combined working and heat treatment process was experimentally clarified -a lower number of cluster(2) are preferentially formed on the dislocations, which subsequently transform into the β˝ phase. Figure 6 . Quantitative estimates atom probe tomography microstructures of the specimens subjected to PA, CR-PA and BH treatment. Detected nanoclusters or precipitates in the atom map are supposed to cluster(2), cluster(2) and the precipitates for PA, CR-PA and BH treatment conditions, respectively.
Summary
The effect of high densities of dislocations on the formation behavior of nanoclusters in Al-0.95Mg-0.81Si (mass%) alloy was investigated by APT. Cold rolling to a 5% deformation accelerates the preferential formation of cluster (2) along dislocations. APT demonstrate the heterogeneous formation of cluster(2) during pre-aging at 373K. Cluster(2) could be formed using solute Mg and Si atoms dragged by dislocations and then aligned along dislocations due to the interaction of dislocations. The number density of cluster(2) becomes lower when the material is cold rolled, however, there are sufficient nanoclusters to act as nucleation sites for the β˝ phase.
